This paper provides methodology for regional analysis of biomass energy potential and for assessing the cost of the biomass at the power plant (PP) location considering transport distance, transport costs and size of the power plants. Also, methodology for determination of an upper-level price of the biomass which energy plant can pay to the external suppliers has been proposed. The methodology was applied on the case of Croatia and energy potential of biomass in the Croatian counties was calculated, using different methodologies, for wheat straw, corn stover and forestry residues, types of biomass considered economically viable at the moment. Results indicate that the average energy potential of wheat straw is 8.5 PJ, corn stover 7.2 PJ and forestry residues 5.9 PJ.
Introduction
In order to reduce greenhouse gas (GHG) emissions, increase domestic industry development, secure and diversify the supply of energy, biomass as a renewable energy resource plays an important role for reaching these goals in the industrial countries [1e7] . Because of its widespread non-commercial use, biomass is covering more than 10% of the total world primary energy supply of 479 EJ [8] . Compared to other renewable energy sources biomass has the ability to store feedstock and use it when it is required [9] . Due to diversity of biomass residues and different products that can be obtained, there are several processes that allow transforming biomass in high energy fuels that are easy to transport and handle [10, 11] . Furthermore, using biomass for production of energy can significantly contribute to the job creation and economic development of rural economies and slow down migrations from these areas to cities [12e17] . Because of that, detailed and accurate estimation of the different biomass resources and their energy potential is needed.
A number of studies for estimating the potential of agricultural [18e21] and forestry residues [22e25] based on the yield, forest area, residues coefficient (i.e., straw to grain ratio), and availability factors (i.e., mechanisation losses, fraction of the residue that can't be removed from the area) have been published. Potential of agricultural and forestry residues in those studies was calculated for the regions [26e28], countries [29e32] or worldwide [33, 34] and in the most cases, geographic information system (GIS) has been used to calculate the potential of agricultural and forestry residues [35, 36] . In order to provide fast and precise assessment of the potential, regional distribution and economic performance of the biomass, based on the location which is the key factor for the economic viability and environmental performance, the new methodology has been proposed. Because economic benefit is the major incentive for selection of the energy plant location and biomass fuels, this paper focuses on the competitive advantage of the agricultural and forestry residues in relation to energy plant location in order to increase understanding which part of the resource base is economically attractive for use in energy plants.
In the case of the biomass feedstock, the greater the output of the plant, the greater the biomass required and the greater the average distance required to transport the biomass [37] . At the end all this results with the increase of the energy plants fuel costs and electricity generation costs. These costs can be minimised by optimal utilisation of the vehicle payload, by optimal location and size of the energy plant and by choice of the shortest travel paths [38e42] .
This paper focuses on the identification and quantification of the available biomass in the regions and analysis of the biomass costs at the power plant locations. Firstly, methodology for assessment of regional biomass potential and the cost of the biomass at the plant location was developed. Also a model for the determination of an upper-level price for the biomass which energy plant can pay to the external suppliers is proposed. Secondly, the characteristics of the case study area have been elaborated and the results of the assessment and economic analysis are presented.
Methodology
In order to provide a comprehensive overview on the domestic potential of the biomass for different regions, the study aimed to investigate all economically viable biomass resources based on the region needs and applicable technology. To select all economically viable biomass resource the RenewIslands/ADEG methodology has been used. This methodology was firstly developed for use on the islands [43, 44] but during time, it has been upgraded for use in other regions [45] , in ADEG project [46, 47] . A very detailed description of RenewIslands methodology has been given in [43] and RenewIslands/ADEG methodology in [44] . Using this methodology three types of biomass were selected for further analysis, based on the region needs, its resources and the applicable technology. Selected biomass types are:
Biomass from wheat straw Biomass from corn stover Biomass from forestry residues
Technical available potential of biomass
The total potential of biomass is defined as the total annual production of agricultural and forestry residues in the regions. The total potential of biomass cannot be utilized as an energy source, because the part of the residuals needs to be left on the field for soil protection, feeding and bedding of animals and because of mechanisation losses during collecting and transportation process. Technical available potential of biomass for energy purpose is determined by subtracting quantities of residuals needed for soil protection, animal feeding and bedding from the total production of each biomass residue.
Agricultural residual e wheat straw
Wheat straw is an agricultural residual that remains on the soil surface after grain harvest. The amount of the residue produced on the field varies considerably with growing conditions and the amount of crop grown. Total quantity of this residual, generated during the grain harvest, is not possible to find in statistic yearbook and because of that total production of the wheat straw in the regions i (expressed in t) will be obtained as:
T WSðiÞ ¼ W PðiÞ Â STGR WðiÞ (1) where W P(i) represents the wheat production in region i (t) and STGR W(i) the wheat straw to grain ratio, which depends on the type of wheat, time of wheat seeding, cultivation of soil and total amount of nitrogen used for soil fertilization in region i (see Table 1 ) Straw produced in regions should not all be removed from the fields. One part must be left on the field for the wind and water erosion control and one part of straw is used for bedding and feeding of livestock. The total amount of wheat straw required for soil protection depends on the soil texture and field slope. Coarse soil textures require large quantities of residue for control of wind erosion, and quantities needed for water erosion protection increase with the field slope. Straw needed for soil protection in the regions (expressed in t) will be obtained as:
where SCP (i) represents the straw cover required for soil protection in region i (t/ha) (see Table 1 ) and C A(i) the cultivated area of wheat in region i (ha). Straw required for bedding and feeding of livestock varies from region to region and mainly depends on the duration of winter season and the number of cattle in the particular region. In regions with a large number of cattle this residue can be even higher than the potential of wheat straw in the region. Because of that these regions need to import straw from other regions which have high production of straw and small number of cattle. Requirements of wheat straw for feeding and bedding of livestock in the region i (expressed in t) will be obtained as: 
where SLP (i) represents the straw used for livestock production in region i (t/cattle) (see Table 1 ) and N C(i) the number of cattle in the region i.
Technical available potential of straw is obtained after subtracting the current quantities of straw needed for soil protection and for feeding and bedding of livestock in the region from the total production of wheat straw in region. In some regions this potential can be even lower than zero due to small production of wheat and large number of cattle in the region. This means that wheat straw needs to be imported in the region. Technical available potential of wheat straw in the region i (expressed in t) will be obtained as
where T WS(i) represents the total wheat straw production in region i (t), S PW(i) the straw needed for soil protection in region i (t) and S RL(i) the straw requirements for feeding and bedding of livestock in the region i (t).
Agricultural residual e corn stover
Corn stover is an agricultural residue defined as the portions of the corn plant aside from the corn kernels that remain on the soil surface following grain harvest. Same as with the wheat straw, total quantity of the corn stover, generated during the grain harvest, is not possible to find in statistic yearbook and because of that total potential of corn stover needs to be calculated using corn stover to grain ratio. Total production of the corn stover in the region i (expressed in t) will be obtained as:
where C P(i) represents the corn production in the region i (t) and STGR C(i) the corn stover to grain ratio, whose value mainly depends on grain humidity in the time of harvesting (see Table 1 ) It is not possible to collect all corn stover from the field because of the losses generated during the process of harvesting and collecting. These losses mainly depend on the mechanisation used in the harvesting and collecting process [48, 49] . Total amount of corn stover which cannot be removed from the field (expressed in t) will be obtained as:
where T CS(i) represents the total potential of corn stover which is produced on the field in the region i (t) and M L the mechanisation losses (%), which mainly depend on the field machinery used (see Table 1 ). Corn stover residues left on the field protect soil from water and wind erosion and increase soil organic carbon (SOC) dynamics. For higher corn yield and lower soil erosion, greater presence of stover is needed. Therefore, adequate residue cover must be left on the field to prevent erosion losses and to increase total SOC [56] . Total amount of corn stover required for soil protection in the region i (expressed in t) will be obtained as:
where T CS(i) represent the total amount of corn stover produced on the field in region i (t), and S PP(i) the soil protection factor in the region i (%).
Technical available potential of corn stover is obtained after subtracting the quantities of stover needed for soil protection and losses due to collecting and harvesting process from the total production of corn stover in region. These mechanisation losses in the process of harvesting and collecting of corn stover are higher than the losses in collecting of straw. Main reason for this is the specific shape of the corn stover. Technical available potential of corn stover in the region i (expressed in t) will be obtained as:
where T CS(i) represents the total corn stover production in region i (t), S PC(i) the corn stover required for soil protection in region i (t) and U CS(i) the uncollected corn stover from the field in the region i (t).
Forestry residues
Biomass usable for energy purpose is produced during silvicultural operations aimed at producing firewood and industrial wood and from sustainable sawlog harvest. These residues represent the most economical and technical fraction to be used in a bioenergy system. The methodology followed is based on the current national yearly felling and biomass fraction, but only for tree branches over 7 cm in diameter. Technical available potential of forestry residues in the region i (expressed in m 3 ) will be obtained as:
where Y F represents the yearly felling of the forest in the region i (m
) and F R the forestry residues factor (%), the amount of the total mass of the tree which can be used for the energy purpose (see Table 1 ).
Energy potential
The assessment of the biomass energy potential is based on the total biomass potential and the respective lower heating value of each biomass type available for energy purposes. Lower heating value is different for each type of biomass, its value depends on the chemical structure of biomass, contents of moisture in the biomass and content of the hydrogen in the biomass. Energy potential for different types of biomass (expressed in 1000 GJ) will be obtained as:
B epðnÞ ¼ E pðnÞ Â LHV ðnÞ (10) where E p(n) represents the technical available potential of biomass type n (expressed in tons) and LHV (n) the lower heating value of biomass (expressed in GJ/ton) (see Table 1 ), which depends on humidity and type of wood.
Cost of biomass at the power plant location
Cost of biomass at the power plant location depends on the cost of biomass at the forest road or agricultural field, transportation cost, distance between biomass location and plant location and on the size of the energy plant. The main impact on the cost of the biomass has biomass feedstock costs and transport distance of the biomass which mainly depends on the size of the power plants and on the available biomass in the regions. Cost of biomass at the power plant locations (expressed in V/tons) will be obtained as:
where: Methodology for determining the distance (U i ) between the plant location (P L ) and center of the region (C Ri ) is illustrated in Fig. 1 . In Fig. 1 distance between plant location and center of the region is illustrated as a straight line but for more precise results, Geographical Information System (GIS) is recommended to be used.
Upper-level price of the biomass and electricity generation cost
Methodology for the evaluation of upper-level price of the biomass and economic prospect of biomass-fired power plants has been performed based on electricity generation cost and feed-in tariffs. Upper-level of the biomass price will be obtained as: where COB max represents the maximal cost of the biomass at the power plant location during the whole year (V/t), FIT the feed-in tariffs for produced electricity from biomass-fired power plant (V/kWh), C I the specific investment cost (V/kWh), LF the annual load factor (h/a), i the discount rate (%), n the economic life time of power plant, C O&M the specific operation and maintenance cost of the power plant, LHV the lower heating value of the biomass (GJ/t) and h PP-E the net electric efficiency of the energy plant (e).
Model for the assessment of electricity generation costs from the biomass has been proposed. The cost of generated electricity depends on the operating and maintenance cost, investment cost, cost of the biomass at the agricultural field or forest road, specific transport cost and on the transport distance of the biomass. Electricity generation cost will be obtained as:
where C E represents the electricity generation cost (V/kWh), F S the cost of the biomass at the agricultural field or forest road (V/t), T R the biomass specific transport cost (V/ton/km/) and D the distance to plant (km).
Study area: Croatia

Production of cereals and forest potential in Croatia
Land surface of the Republic of Croatia spreads over a total of 56,542 km 2 , out of which 42% is under forests, 19% is available for cultivation, 19% is limitedly suitable for cultivation, and 14% is not available for cultivation and can be used for cultivation of energy crops [57] . Republic of Croatia is divided into counties, primary territorial subdivisions. There are total 21 counties, counting in the City of Zagreb which has status equal to a county. Croatia produces more than 2.8 Mt of wheat and corn grain annually and cuts over 4.5 million cubic meters of state owned forest [52, 58] . Planed yearly felling in the period of 2006e2015 is around 5.8 million cubic meters of tree and for the period 2016e2025 planed yearly felling will be between 5.8 and 6.4 million cubic meters [52] . In Table 2 Fig . 6 . Cost of biomass at the selected location for the power plants with the capacity of 300,000 t/year and biomass transport cost of 0.1 V/t/km.
Table 8
Characteristics of the biomass-fired power plants [7, 62, 66, 67] .
Forest residues (FR) characteristic data for state owned forests in Croatian counties for period 2006e2015, is presented. Total cultivated area, production of cereals and yield in Croatian counties, which have reasonable potential are shown in Table 3 .
Technical available potential of biomass
The availability of biomass from the forest and main crops in Croatia has been evaluated. The potential of biomass in counties was calculated by using appropriate value from Table 4 .
Agricultural biomass has been identified and calculated for two categories, wheat straw and corn stover. Traditionally agricultural counties in the east part of Croatia, Osijek-Baranja and VukovarSyrmia, have the highest potential of the agricultural residues. To calculate technical available potential of wheat straw, number of cattle in counties has been used. These numbers vary from county to county and in case of Croatia this data has been obtained from [64] . Technical available potential of wheat straw in Croatia ranges from the maximum 930 kt year À1 to the minimum 450 kt year
À1
and corn stover ranges from the maximum of 600 kt year À1 to the minimum of 370 kt year
. Technical available potential of corn stover is presented in Table 5 and potential of wheat straw is presented in Table 6 .
Calculated potential of forestry residues in Croatia is over 700,000 cubic meters. Counties with the large quantities of forestry residues are Sisak-Moslavina and Lika-Senj, over 80,000 cubic meters. Technical available potential of forestry residues in Croatian counties is shown in Fig. 2. 
Energy potential of biomass
The energy potential of the biomass in Croatia was estimated by using LHV for different types of biomass. Characteristics of various biomass types, in Croatia, have been reported in Table 4 disregarded. Energy potential of agricultural residuals in Croatia is presented in Table 7 . Energy potential of forestry residues is calculated for all counties in Croatia and the potential is presented in Fig. 3 . Highest potential has Sisak-Moslavina County, over 700,000 GJ and total energy potential of forestry residues in Croatia state owned forests is over 5.9 PJ. For transforming technical available potential of forestry residues from cubic meters to tons, density of 1 t/m 3 was used [52] .
Cost of biomass at the power plant location
The cost of the biomass at the location of the power plant has been calculated based on the input data from Section 3.2 and Eq. (11) . Transport distance of biomass has been evaluated using methodology from Section 2.3. For purpose of this study road distance from the plant location and center of regions (counties) was obtained from the existing road maps in Croatia. Transport cost of biomass of 0.1 V/t/km [65] and the cost of biomass of 35 V/t [52, 62] on road, have been used in the calculation of the biomass costs. Also, costs of biomass have been calculated for different sizes of power plants ranging between 100,000 t and 300,000 t. Calculated results for different types of biomass, size and location of the power plants (selected by taking into account biomass potential of counties, development of the cities and polycentric development of the Republic of Croatia) have been presented in Figs. 4e6.
The comparison of the calculated biomass cost shows that the cost generally increases with the increase of the plant capacity. The illustration also shows that selected locations Osijek and Vukovar have lower calculated price of biomass compared to Slavonski Brod. Calculated costs for the biomass-fired power plant in Vukovar are in range between 38.5 V/t and 40 V/t. These costs are calculated for the biomass-fired plant with the capacity of 100,000 t/years. Also, the illustration shows that the most suitable location for the power plants with the capacity of 200,000 t/year and 300,000 t/year is Osijek, followed by Vukovar and Slavonski Brod.
Upper-level price of the biomass and electricity generation cost
To determinate upper-level price of the biomass at the plant location, Eq. (12) has been used and appropriated value from Table 8 . Feed-in tariffs for electricity delivered from biomass-fired power plants are determined with respect to the power plant size. For the power plants with installed power up to and including 1 MW, feed-in tariff for 2010, in Croatia, is 1.3312 HRK/kWh (0.1824 V/kWh) and for power plants with installed power over 1 MW, feed-in tariff is 1.1537 HRK/kWh (0.158 V/kWh) [68] . The discount rate of 18% and the economic life time of 12 years were used to determinate the maximal costs of the biomass in Croatia [7, 62] . Calculated results for different size of power plants and biomass types have been presented in Fig. 7 .
Calculated results show that the upper-level of the biomass price for the power plants with installed power of 10 MW is 97.58 V/t for forestry residues, 114.06 V/t for wheat straw and 109.12 V/t for corn stover fired power plants. For power plants with installed power of 1 MW, upper-level price of forestry residues is 40.83 V/t, for wheat straw 56.85 V/t and for corn stover this price is 46.06 V/t.
The electricity generation costs from the biomass-fired plants have been calculated by using Eq. (13) and appropriated value from Table 8 and Section 3.4. Input data in Table 8 is for biomass-fired plants with grate combustion and steam turbines. Calculated results for different size of power plants and for three types of biomass have been presented in Fig. 8 .
Calculated results show that electricity generation cost for 10 MW power plant which uses forestry residues as fuel is 0.088 V/kWh, for wheat straw fuel this cost is 0.09 V/kWh and for corn stover fuel electricity generation cost is 0.095 V/kWh. For power plants with the installed power of 1 MW which use forestry residues as fuel, electricity generation cost is 0.177 V/kWh, for wheat straw fuel 0.164 V/kWh and for corn stover fuel this cost is 0.173 V/kWh. The comparison of the calculated electricity generation costs shows that the best solution for 10 MW power plants is forestry residues as fuel and for 1 MW power plants it is wheat straw.
Since the size of the power plant, cost of the biomass at the agricultural field or forest road, biomass specific transport cost and the biomass transport distance have high influence on the electricity generation cost, a sensitive analysis has been performed. For the analysis, Eq. (13) analysis of the presented data shows that most of the biomass-fired power plants would be profitable. Also analysis shows that the highest impact on the electricity generation costs has the price of the biomass feedstock and in case when these costs are very high, electricity generation costs from the biomass-fired power plants are higher than feed-in tariffs.
Conclusion
In this paper, a methodology for economic evaluation of the biomass potential and the cost of the biomass at the plant location has been presented. The methodology has been applied to Croatia and with this methodology we have assessed which type of the biomass is most suitable for use in the biomass-fired power plants in Croatia. From the agricultural and forest statistical data it was possible to estimate the technical and energy potential for each type of the biomass. Results show that high quantities of the agricultural and forestry residues exist in Croatia. Average quantity of wheat straw which can be removed from the field is 600 kt and corn stover 490 kt. Available potential of forestry residues calculated in this study is 690,000 cubic meters. Average energy potential of forestry residues is 5.9 PJ, wheat straw 8.5 PJ and corn stover 7.2 PJ.
An analysis performed for the assessment of the biomass cost at the energy plant location in Croatia, indicate that these costs range between 38.5 V/t and 48.7 V/t. Analysis was performed for different biomass types, size and locations of the power plants. Also, analysis performed for the assessment of the upper-level price of the biomass on the basis of the resulting cost of the electricity, the biomass-fired plants could even pay up to 100 V/t (10 MW power plants) for the biomass bought from outside suppliers, if the payback tariff of the electricity sold to the grid equal to the feed-in tariffs. The methodology applied for the estimation of the biomass cost didn't take into consideration competing uses of the biomass with other sectors and therefore, future studies should be focused on that issue.
